We have previously reported suggestive linkage to chromosome 5p13-q13 in type 1 diabetic families. ISL1, a transcription factor involved in pancreas development, maps to this region. Sequencing of the ISL1 gene in patients and control subjects identified seven single nucleotide polymorphisms (SNPs) and one microsatellite in noncoding regions. Four haplotypes formed by six of these SNPs and one microsatellite were associated with type 1 diabetes in Swedish families (P < 0.04). To identify possible interactions with the 5q11-q13 region, we applied pathway-restricted linkage analysis by analyzing for effects from regions encoding other transcription factors that are active during pancreas development and maintenance of insulin production. Linkage analysis allowing for interaction between 5q11-q13 and 7q32 resulted in an increase of logarithm of odds from 2.2 to 5.3. This increase was estimated to correspond to a P value <0.0016 using permutation. The transcription factor PAX4 is located at 7q32 and participates downstream of ISL1 in the transcription factor cascade critical to ␤-cell development. Association with type 1 diabetes was also observed using the transmission disequilibrium test for two haplotypes at the PAX4 locus (P < 0.05). We conclude that pathway-restricted linkage analysis assists in the identification of possible gene-gene interactions and that 5q11-q13 and 7q32 together constitute a significant susceptibility factor for type 1 diabetes. Diabetes 53: 1584 -1591, 2004 T ype 1 diabetes is a common multifactorial disease characterized by autoimmune destruction of the insulin-producing ␤-cells in the endocrine pancreas, resulting in deranged metabolic homeostasis with raised blood glucose concentration. A simple pattern of inheritance has not been identified for type 1 diabetes. The susceptibility to type 1 diabetes is partially genetically determined, as indicated by an increased familial aggregation, with a relative risk of 15 for siblings ( s ) to patients, and a higher concordance rate among monozygotic than dizygotic twins (1). The major susceptibility locus for type 1 diabetes is the major histocompatibility complex on chromosome 6q21.3. The insulin gene on chromosome 11p15 and the CTLA4 gene on chromosome 2q33 (2,3) are also established susceptibility genes. In addition, several other chromosome regions have been identified through genome-wide linkage analysis (4,5).
T ype 1 diabetes is a common multifactorial disease characterized by autoimmune destruction of the insulin-producing ␤-cells in the endocrine pancreas, resulting in deranged metabolic homeostasis with raised blood glucose concentration. A simple pattern of inheritance has not been identified for type 1 diabetes. The susceptibility to type 1 diabetes is partially genetically determined, as indicated by an increased familial aggregation, with a relative risk of 15 for siblings ( s ) to patients, and a higher concordance rate among monozygotic than dizygotic twins (1) . The major susceptibility locus for type 1 diabetes is the major histocompatibility complex on chromosome 6q21.3. The insulin gene on chromosome 11p15 and the CTLA4 gene on chromosome 2q33 (2, 3) are also established susceptibility genes. In addition, several other chromosome regions have been identified through genome-wide linkage analysis (4, 5) .
In a genome-wide linkage analysis for type 1 diabetes in families from Scandinavia, chromosome region 5p13-q13 provided evidence for suggestive linkage (logarithm of odds [LOD] 2.2, P Ͻ 0.0008, s ϭ 1.25) (5). The insulinenhancer binding protein 1 (ISL1) gene is an obvious candidate gene in this region. ISL1 is a transcription factor with an important role during the development of the pancreas (6) . ISL1 is expressed in endocrine and exocrine cells and the central nervous system. Furthermore, it binds to the promoter/enhancer regions and affects the transcription of, e.g., the insulin, glucagon, somatostatin, and amylin genes (7) . In mouse embryos lacking ISL1, development of the pancreas is arrested at embryonic day 9.5 (E9.5) (8) ; the endocrine cells are missing with a complete loss of differentiated islet cells (9) .
In this report, we describe an investigation of association and gene-gene interactions involving ISL1 in relation to type 1 diabetes. Since the genetic risk for type 1 diabetes is likely due to interaction between several susceptibility genes in the same biochemical pathway, we have performed a pathway-restricted linkage analysis to detect such interactions. We study the interactions between the ISL1 locus and chromosome regions harboring other transcription factor genes involved in the development and maintenance of the endocrine pancreas.
RESEARCH DESIGN AND METHODS
The pathway-restricted linkage analysis was performed in 408 multiplex families from Scandinavia that were used in a previously published genomewide linkage study (5) . For the ISL1 gene sequencing and the ISL1 and PAX4 single nucleotide polymorphism (SNP) analyses reported here, 196 Swedish families (186 muliplex and 10 simplex) were used. Twelve unrelated patients, selected from the families with the strongest evidence for linkage to chromosome 5p13-q13, and 4 healthy unrelated control subjects were used for sequence analysis of ISL1. All six exons in the ISL1 gene were sequenced (exon 1, 264 bases; exon 2, 190 bases; exon 3, 260 bases; exon 4, 287 bases; exon 5, 168 bases; and exon 6, 1,226 bases [out of which 1,111 bases are 3Ј untranslated region {UTR}]). In addition, 226 bases of the promoter region and a total of 1,889 bases of introns surrounding the exons were sequenced. DNA sequencing was performed with BigDye Terminator version 2.0 (Applied Biosystems) and analyzed in Sequencing Analysis Software version 3.3 (Applied Biosystems) and SeqScape version 1.0 (Applied Biosystems).
SNPs were analyzed by PCR amplification and sequencing (Pyrosequence, Uppsala, Sweden). For each SNP, seven DNA samples were used for verification and quality control. The SNPs were determined following standard protocol from the vendor and analyzed in version 1.1 or 1.2 AQ of the PSQ96 SNP Software. Quality control involved checking that the amplified DNA could not prime sequence itself by DNA looping, primer-dimers could not prevent the sequencing process, and the predicted sequences were actually identified. Microsatellites were analyzed using standard methods as described previously (5) . SNPs in the PAX4 gene that passed the quality controls and those with a rare allele frequency between 0.05 and 0.5 in 94 unrelated Swedish individuals were accepted for further study. Mendelian consistency, excess of homozygosity, and allele frequency were analyzed with the zGenStat program (H. Zazzi, unpublished). Using the Arlequin program (10), we showed that each ISL1 and PAX4 marker individually were in Hardy-Weinberg equilibrium; however, the haplotype frequencies were not (P Ͻ 0.0001), with fewer heterozygotes than expected. The TRANSMIT program was used for transmission disequilibrium test (TDT) analysis (11) . Conditional extended TDT (ETDT) analyses were performed using the UNPHASED program (12) . P values were not corrected for multiple comparisons.
Interactions between chromosome 5 and markers at other loci were performed with ALLEGRO (13) . We used family-specific LODs from 17 markers mapping close to transcription factor genes involved in the development and maintenance of the endocrine pancreas (Table 1) . Interaction analyses with 1) positive (epistasis) and 2) negative (heterogeneity) weighting were performed. Thus, for the positive weighting, the LOD for each family at a selected marker on another chromosome was used as a positive weight when calculating LODs on chromosome 5. Families with LOD Յ0 were given a weight of 0.
To estimate the significance of the results of the interaction analysis, we performed 10,000 permutations of positive weights, randomly selected from the markers used in the genome scan (5) . In each permutation, 17 markers (Table 1) were randomly selected from 291 markers that remained after excluding those from chromosome X and 50 cM on either side of D5S407. In each permutation, the weights were randomly assigned to families. The resulting 17,000 weight files were then used to perform linkage analysis of a segment of chromosome 5 (50 cM to either side of D5S407). We then counted how many permutations of the 17 weights that contained at least one linkage peak with a LOD Ͼ5. 26 .
Association between markers was estimated by constructing haplotypes in SIMWALK2 (14) and estimating DЈ using the haploxt command in GOLD (15) .
RESULTS
In the genome scan for type 1 diabetes susceptibility genes, we found suggestive linkage (LOD 2.2) to chromosome region 5p13-q13 (5). To validate the public genome sequence in the 5p13-q13 region, we assembled a "virtual physical map" by connecting bacterial artificial chromosome clones and checked that known genetic markers map to the predicted region. The resulting order corresponds well with the utilized assembly of the National Center for Biotechnology Information human genome (build 31).
This analysis confirmed that the markers linked to type 1 diabetes on chromosome 5 were located in the 5q11-q13 region. In the published genome scan (5), the highest multipoint was observed at marker D5S407, located 9.6 Mb from the centromeric end of p-arm of chromosome 5. ISL1 is located on the q-arm of chromosome 5, 168 kb from the D5S822 (Fig. 1) . Since the transcription factor ISL1 is involved in the development of the pancreas, has a binding site in the insulin promoter, and is located close to the linkage peak, it was considered a candidate gene for type 1 diabetes susceptibility. All six exons of the gene, the Genotypes used for this interaction analysis were produced during a genome-wide scan for type 1 diabetes susceptibility genes (5). The interaction analysis was not presented in this report. *LOD for positive multipoint interaction between D15S125 and chromosome 5 was 3.2 at D5S647. ND, not determined.
promoter region, intron 1, and intron 5 were sequenced in 12 type 1 diabetic patients and 4 individuals without type 1 diabetes. Eight polymorphisms were observed. Seven of these were selected for genotyping in the Swedish families. One SNP was located in the 5ЈUTR (ISL1:1, rs3917084), two SNPs in intron 5 (ISL1:2, TSC0312199 and ISL1:3, TSC0312200), and a fourth SNP was located in the 3ЈUTR (ISL1:4, TSC0424949) ( Fig. 1) . Two of the SNPs (ISL1:6, rs4151674 and ISL1:7, rs4151675) were found in intron 1 in a sequence rich in CAAA repeats. We also identified a microsatellite (ISL1:5) with three alleles (WT, WT-4bp, and WTϩ8bp) in this region ( Table 2 ). The eighth SNP was found in the 3ЈUTR (TSC1637118). This is a poly-A repeat where an extra A was present in three patients and one control subject. It was excluded for technical reasons. The variations found in the ISL1 gene were all in noncoding sequences. No significant associations could be detected with TDT between type 1 diabetes and any of the individual SNPs (data not shown). However, with global TDT analysis for haplotypes based on the SNP markers (11), a P value of 0.03 was observed for association with haplotypes composed of ISL1:2-ISL1:3, ISL1:1-ISL1:2-ISL1:3, and ISL1:1-ISL1:5-ISL1:6-ISL1:7-ISL1: 2-ISL1:3 ( Table 3) . The global TDT analysis gives a summary P value for all haplotypes composed of the selected markers. An attempt to identify the effects of individual haplotypes from the ISL1 is presented in Table 4 . Three ISL1 haplotypes were negatively associated with type 1 diabetes: ISL1:1-ISL1:5-ISL1:6-ISL1:7-ISL1:2-ISL1:3-ISL1:4, T-WT-A-A-G-C-A (P Ͻ 0.02), and T-WT-A-A-G-C-T and T-WT-G-A-G-C-T (both P Ͻ 0.04), whereas one haplotype, C-WT-A-A-G-T-T, was positively associated. However, for the individual haplotypes, the expected number of transmissions was small (Ͻ5 for the negatively and 28 for the positively associated haplotypes). Linkage disequilibrium (LD), estimated by DЈ, was observed among all ISL1 SNP markers (DЈ Ͼ0.61, P Ͻ 1 ϫ 10 Ϫ4 ) ( Table 5) Significant evidence of LD was observed for intermarker distances up to 9,657 kb (DЈϾ0.39, P Ͻ 1 ϫ 10 Ϫ4 ) ( Table  5 ). In addition, evidence of LD across the centromere was observed for D5S822 paired with any of the ISL1 markers except ISL1:7 (DЈ 0.39 -0.97, P Ͻ 0.04) and for D5S430 and ISL1:1 (DЈ 0.32, P Ͻ 0.004) ( Table 5) .
Given the possible association between ISL1 and type 1 diabetes, we performed a pathway-restricted interaction analysis to study interactions between genetic locations harboring transcription factors important to pancreas development and maintenance. Table 1 shows a list of genes that are involved in the ISL1 pathway and/or are implicated in the development or maintenance of the endocrine pancreas. The closest microsatellite marker to each of the genes was selected for analysis of interaction with ISL1. The chromosome region 5q11-q13 interacted with marker D7S530 located at 7q32. Linkage analysis in the Scandinavian families, allowing for interaction between 7q32 and 5q11-q13, resulted in an increased multipoint LOD from 2.2 to 5.3 for 5q11-q13, using positive weighting based on the family-specific LODs for linkage at 7q32 (Fig. 2) .
We attempted to estimate the significance of this observed increase in LOD by permutation. We randomized the weights from 17 markers selected from 291 markers used in the genome scan with respect to the family number. This was followed by linkage calculation at 5q11-q13 using these weights when summing the linkage evidence over families. This process was repeated 10,000 times. The highest observed LOD in this analysis was 6.54. In 16 permutations, one LOD above 5.3 was observed. This gives a P value of 0.0016 for our interaction.
The gene for transcription factor PAX4 is located 1.2 Mb (1.7 cM) from the D7S530 marker at 7q32, and the promoter region of PAX4 has a binding site for ISL1 4,466 bases 5Ј of the translation initiation codon (16) . Seven SNPs were initially selected in the PAX4 gene. Three of Table 2 ), ISL1:6 ‫؍‬ rs4151674, and ISL1:7 ‫؍‬ rs4151675.
these SNPs passed the quality controls and were heterozygous in our families (PAX4-1: TSC0207823; PAX4-2: TSC0119990; and PAX4-3: TSC0090903) and were genotyped in the Swedish families. We observed a LOD of 0.4 for positive weighting, and 0.5 for negative weight at 5q11-q13, using multipoint LOD in the PAX4 gene. But when analyzing for interaction between 5q11-q13 and the D7S530 microsatellite marker, the LOD for the positive weight is only 0.6 in the Swedish families. None of the PAX4 SNPs show association with type 1 diabetes individually. However, PAX4 showed association (P Ͻ 0.02) with type 1 diabetes, using global TDT analysis for haplotypes consisting of all three SNPs (Table 3 ). The T-C-C haplotype is negatively associated (P Ͻ 0.001), whereas the C-T-C haplotype is positively associated, with type 1 diabetes (P Ͻ 0.05) ( Table 4 ). In addition, the haplotypes PAX4:1-PAX4:2 (T-C) and PAX4:2-PAX4:3 (C-C) are associated with type 1 diabetes (P Ͻ 0.003 and P Ͻ 0.01, respectively, data not shown). The PAX4 C-T-C haplotype is present among patients in 156 Swedish families. In these families, the LOD on chromosome 5 reaches 2.8, while it is only 0.19 in the families without the PAX4 C-T-C haplotype.
Clear LD between the SNPs within PAX4 was observed (DЈ Ͼ0.82, P Ͻ 1 ϫ 10 Ϫ5 ) (Table 5) , and weak association was observed between the PAX4:1 SNP and microsatellite markers D7S530 (DЈ 0.16, P Ͻ 0.04) and CFTR (DЈ 0.12, P Ͻ 0.05).
A conditional ETDT analysis looking at association of the PAX4: The second highest observed LOD in the pathwayrestricted interaction analysis was obtained using positive weights from D15S125, resulting in an LOD of 3.2 on chromosome 5 at the marker D5S647. This marker is placed 10 cM (10.5 Mb) from D5S407 and within the 1-LOD support interval for the chromosome 5 locus in the initial genome-wide linkage study (5) . The P value for this observation was estimated to 0.13 by simulation (see above). ISL2 maps only 10 Mb away from the D15S125 marker. Similarities in sequence and expression patterns between ISL1 and ISL2 indicate that they have similar functions (17, 18) .
DISCUSSION
We have previously reported suggestive linkage between type 1 diabetes and the chromosome 5p13-q13 region in Scandinavian type 1 diabetic families (LOD 2.2, P Ͻ 8 ϫ 10 Ϫ4 , s ϭ 1.25) (5). ISL1 was placed within the 1-LOD support interval and selected as an obvious functional candidate for further analysis. Six SNPs and one microsatellite marker in the gene were genotyped in 196 Swedish type 1 diabetic families. This indicated weak association of ISL1 to type 1 diabetes. Given the magnitude of linkage, there are probably additional type 1 diabetes susceptibility genes in the 5q11-q13 region. We also found evidence for interaction between the 5q11-q13 and the Sequence, starting at intron position ϩ 695, counting first base after first exon as ϩ1 
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7q32 regions with an approach coined pathway-restricted linkage analysis.
ISL1 is a good candidate for type 1 diabetes, since it is involved in both the development and maintenance of differentiated functions of insulin-producing ␤-cells. Type 1 diabetes is caused by autoimmune destruction of ␤-cells. In a healthy individual, there is a presumed balance, within the framework of the normal age-dependent deterioration of ␤-cell function, of genes causing destruction of the ␤-cell and those responsible for regeneration and robustness. Thus, any gene product that deranges the function and development of the pancreatic ␤-cells or the expression of insulin would be a candidate susceptibility gene for type 1 diabetes. Consequently, diabetes could result from either increased autoimmune activity or loss of the capacity to regenerate ␤-cells and thus diminished robustness to attack or from a combination of these opposing processes. To date, the identified susceptibility genes for type 1 diabetes are thought to be involved in autoimmune reactions (e.g., HLA, insulin, and CTLA4). This does not exclude that some type 1 diabetes susceptibility genes affect robustness and/or development of ␤-cells. In fact, insulin could theoretically affect both the robustness and/or development of the ␤-cell and be involved as an autoantigen in type 1 diabetes. Mutations in the eukaryotic translation initiation factor 2-a kinase 3 (EIF2AK3) gene, which is highly expressed in the pancreatic islet and affects protein synthesis, results in Wolcott-Rallison syndrome (WRS) (19) . WRS does not have an autoimmune etiology, but the permanent dependency on insulin suggests that biological processes involved in WRS may be relevant to type 1 diabetes (19) . Hence, genes involved in the maintenance of the integrity of the pancreatic ␤-cell are also candidates for type 1 diabetes susceptibility.
The transcription factor ISL1 belongs to the LIM protein family, which contains a COOH-terminal DNA binding homeodomain and two tandemly repeated Cys-His motifs termed LIM domains (20) . ISL1 is expressed in, and required for, the development of endocrine islet cells, as well as for the regulation of hormone expression in these cells. ISL1 is also involved in exocrine cell differentiation in the dorsal bud (8, 9) . Pancreatic endocrine cells start to express ISL1 before the expression of hormones, which suggests that ISL1 regulates the expression of endocrine hormones (9) . In the insulin promoter, ISL1 has been shown to bind the A3 and A1 enhancer elements (20) .
ISL1 is also expressed in the nervous system (21), where it is required for the generation of motor neurons (8) . Multiple sclerosis (MS) has been reported to be linked to 5q11 (P Ͻ 0.009) (22) . Due to this colocalization of susceptibility loci, it is possible that the same gene is responsible for chromosome 5-linked susceptibility in both MS and type 1 diabetes. Since ISL1 is expressed in the target tissues for both MS and type 1 diabetes and is important for the development and maintenance of these tissues, it is a possible common susceptibility gene for both type 1 diabetes and MS.
The chromosome region 5q11-q13 has not been linked to type 1 diabetes in any patient material other than the Scandinavian families. However, the power has not been large enough in other investigations to exclude linkage to this region for a locus with the observed locus-specific risk *TDT analysis was performed using the TRANSMIT program. Because the number of transmissions are also estimated when there is not complete information in the family, the number of observed transmissions are not always integers. For ISL1 markers, haplotypes formed by 2, 3, 4, 5, and 6 markers were also analyzed, which resulted in the same haplotypes being associated as shown above. For PAX4 markers, haplotypes formed by two markers were also analyzed, resulting in the same haplotypes being associated as shown above.
( s ϭ 1.25). Identification of association to ISL1 markers will now make it possible to use case-control materials to confirm the involvement of ISL1 in type 1 diabetes susceptibility. Although ISL1 has not been previously associated with type 1 diabetes, it has been investigated in type 2 diabetes and obesity. In a Japanese family with type 2 diabetes, a Q310X nonsense mutation in exon 5 of the ISL1 gene was reported (23) . This variation could not be detected in the patients or control subjects who were sequenced in our studies. However, no linkage could be found to ISL1 in French, African-American, or Nigerian type 2 diabetic families (24, 25) , and ISL1 could not be linked with obesity (26) . In morbidly obese subjects, carriers of the rs3917084 (ISL1:1) G allele in the promoter region showed decreased risk for type 2 diabetes (26). This allele has a frequency of 0.05 in the Swedish families and is not in itself significantly associated with type 1 diabetes. Based on the presented data, we believe that ISL1 is either in LD with another susceptibility gene or that it is only one of several susceptibility genes in this region of linkage. There are many examples of susceptibility loci for multifactorial diseases that have turned out to be due to several susceptibility genes mapping close to each other: Niddm1 in the GK rat consists of two susceptibility loci, Niddm1b and Niddm1i (27) , and in the NOD mouse, Idd3, Idd5, Idd9, and Idd10 have all been shown to contain at least two susceptibility loci (28 -31) . Of note in this context is the presence of several type 1 diabetes susceptibility genes in the major histocompatibility complex region (32) .
Type 1 diabetes is not only multigenetic but also probably due to gene-gene interaction between susceptibility genes. We therefore attempted a pathway-restricted interaction analysis to test the hypothesis that chromosome regions containing key genes for the function and maintenance of the pancreas may interact with ISL1 at 5q11-q13. In our interaction analysis, using markers mapping close to transcription factor genes involved in the development and maintenance of the endocrine pancreas, we demonstrated interaction between 5q11-q13 and chromosome 7q32. This interaction analysis was carried out in a similar fashion to that done for the NIDDM1 locus and the CYP19 region in type 2 diabetes (33) . The weighting we used was similar to their weight PROP (positive weight in our calculations) and weight (negative weight in our calculations), which model positive interactions (such as epistasis) and heterogeneity, respectively. We estimated the significance of the observed increase in LOD for 5q11-q13 using permutation. The resulting P value is 0.0016 for the observed positive interaction between 5q11-q13 and 7q32. An alternative way to assess the significance is to employ a conservative 2 test, since the increase in LOD multiplied by 2log(10) is asymptotically distributed as 2 with 1 df (33) . Using this test, the P value for the 5q11-q13 and 7q32 interaction was Ͻ2 ϫ 10 Ϫ4 after correcting for multiple comparisons (n ϭ 17, P Ͻ 0.004).
The TDT analysis was carried out using the TRANSMIT computer program (11) . This method has been developed to include information from more than one affected individual per family, which was important in our study because most of the families were multiplex. This TDT analysis can also deal with phase uncertainty for multilocus haplotypes. For this analysis, the resulting P value has not been corrected for multiple comparisons; hence, the reported modest association requires confirmation. We were not able to confirm the interaction between ISL1 and PAX4 by conditional ETDT analysis. This was, however, not surprising since we were unable to detect association to either the ISL1:1-ISL1:2-ISL1:3-ISL1:4 or PAX4:1-PAX4:2-PAX4:3 haplotypes using ETDT. This is presumably because larger families are broken up into trio families, thus leading to reduced power in the ETDT analysis compared with the TRANSMIT analysis.
The PAX4 gene maps to 7q32 and encodes a transcription factor with a paired-box domain. PAX4 plays an important role in the development and differentiation of the islet ␤-and ␦-cells (16) . Mice lacking pax4 do not develop these cells and die shortly after birth from diabetes (34) . A binding site for ISL1 is present in the PAX4 gene (16) , and it has also been shown that PAX4 has an inhibitory effect on insulin gene transcription by binding to its promoter (35) . Loss of PAX4 function may lead to an increased risk for diabetes because a missense mutation (R121W) in the PAX4 gene has been observed in Japanese type 2 diabetic patients at a frequency of 2% compared with 0% among control subjects. A homozygous carrier was reported with an early onset of diabetes who slowly fell into an insulin-dependent state without any signs of an autoimmune-mediated process (36) . The same mutation has also been shown to be more frequent in Japanese subjects with LADA (late autoimmune diabetes in adults) than in control subjects (37) . It is thus plausible that ISL1 and PAX4 interact to cause type 1 diabetes susceptibility in conjunction with genes for autoimmunity directed toward ␤-cells, each leading to a slight increase in risk for diabetes. The 5q11-q13 region does not appear to interact with either the insulin or the HLA genes, as there was no difference in the identity-by-descent sharing in sibpairs that carried different HLA genotypes or INS genotypes. Also, none of these groups showed increased evidence of linkage compared with all families (5) .
We observed association between PAX4 haplotypes and type 1 diabetes, but we did not observe significant linkage between type 1 diabetes and the PAX4 region. This could, however, be because one of the associated PAX4 haplotypes (C-T-C) is common in the Swedish population (40%), which would make linkage harder to detect, just as has been observed for the IDDM2 region.
Although each of the ISL1 and PAX4 SNPs are in Hardy-Weinberg equilibrium, this is not observed for the ISL1 or PAX4 haplotypes. This could be because we are studying families with type 1 diabetes in which we also observe associated haplotypes. Thus, it would be of interest to test if these haplotypes obey Hardy-Weinberg equilibrium in control families.
The second strongest evidence for interaction with 5q11-q13 was chromosome 15p23. Since ISL2 maps to 15p23, it is plausible that the suggested interaction observed between these regions is due to an interaction between ISL1 and ISL2. The P value for the increase in LOD using the 2 test was 0.03; after correction for multiple comparisons, this is no longer significant. We thus have to both prove that this interaction is real given the borderline P value and that ISL1 and ISL2 are responsible for the interaction between chromosome 5q11-q13 and 15p23.
In summary, we have shown evidence for association of ISL1 to type 1 diabetes or another gene in its vicinity. In addition, a gene mapping at 5q11-q13 interacts with a gene on 7q32, with PAX4 and ISL1 as possible candidates identified on functional grounds. 
